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Antimicrobial activityAbstract Granulometric test and morphological analysis of the bentonite particles were performed
using laser diffraction and low-temperature nitrogen adsorption–desorption techniques. Bentonite
particles were immobilized into the hydroxyethyl cellulose matrix by mechanical dispersion, and
composite ﬁlms were obtained. The effect of concentration of the ﬁlling agent on structure and ten-
sile properties of composites was revealed. Data on the nature of interaction between hydroxyethyl
cellulose and bentonite after the modiﬁcation of polymer were obtained by IR spectroscopy. It was
found that the hydroxyethyl cellulose/bentonite composite ﬁlms showed an antimicrobial effect
against Escherichia coli and Staphylococcus aureus bacteria, as well against fungi association.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The promising direction in polymer materials science is the
fabrication of hybrid materials based on organic–inorganic
systems. Effective way to solve this problem is to modify the
polymer matrix by ﬁllers insertion. Such composites may have
applications in such various areas of industry as sensors, sor-
bents, catalysts, and membranes, as well as in biochemistryand medicine as drug templates, due to their improved
mechanical, electrical, thermodynamic, and antimicrobial
properties (Badamshina and Gafurova, 2008; Alekseeva
et al., 2009, 2012, 2013; Weng et al., 1999; Yang and Nelson,
2006; Hwu et al., 2002). Note polymers modiﬁed using the ﬁll-
ing agents considerably change their original parameters and
acquire improved physicochemical properties even at small ﬁl-
ler concentrations (Badamshina and Gafurova, 2008). A lot of
publications deal with various types of ﬁllers for polymers and
various methods of composites production (Ayatollahi et al.,
2011; Fonseca et al., 2013; Chen et al., 2007; Burnside and
Giannelis, 2000; Kontou and Niaounakis, 2006; Lazzeri
et al., 2005; Alekseeva et al., 2014).
Currently increasing interest of researchers can be observed
in the production of nonhazardous hybrid polymer materials
containing laminar aluminosilicate particles as ﬁlling agents
(Bochek et al., 2011; Tunc¸ and Duman, 2010). The abundantse. Ara-
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MMT) clays show the greatest promise of the entire range of
laminar aluminosilicates (Bergaya et al., 2006; Gil et al.,
2008). They are anisometric and can delaminate to individual
sheets about 1 nm thick and 20–250 nm in diameter under cer-
tain conditions.
Montmorillonite is widely used as strong reinforcing mate-
rial for the preparation of polymer composites. Liu et al.
(2011) have reported that MMT has the ability to improve
the mechanical properties of the composites up to 10-fold.
The MMT and its products have wide range of applications
in biomedical ﬁeld such as protection and cleansing of skin,
antibacterial activity, adsorption of bacteria pathogen
(Escherichia coli and Staphylococcus aureus), immobilization
of cell toxins (Meng et al., 2009), and removal of hazardous
metals (Khoualdia et al., 2013), and possess excellent wound
healing and blood clotting capabilities (Emami-Razavi et al.,
2006) with no side effects. Note that Tunc¸ and Duman
(2011) take a different view: methyl cellulose/MMT composite
ﬁlm did not inhibit bacterial growth. That is, literature data on
the biological activity of MMT are contradictory.
Addition of aluminosilicates to the polymermatrix allows one
to change the viscosity of polymer solutions and improve the ther-
mal stability, as well as mechanical, gas permeability, and tribo-
logical properties of the composites (Chang et al., 2003;
Lavrent’eva et al., 2008; Arunvisut et al., 2007; Nakas and
Kaynak, 2009). Natural polymers have been studied due to their
biodegradability and wide availability. Hydroxyethyl cellulose
(HOEC) is one of the best known polymers from the cellulose
familyofwhich the hydroxyl groups are replacedbyhydroxyethyl
groups. It has excellent ﬁlm forming ability, biocompatibility and
biodegradability which makes it a suitable material for biomedi-
cal applications. Composites of natural biopolymers with alumi-
nosilicates are used as packaging materials in the food industry
(Tunc¸ andDuman, 2011). Furthermore, clays are known to exhi-
bit biological activity (Mishra et al., 2014); hence, biopolymers
modiﬁed by bentonite can be used to design antimicrobial drugs
and matrices for drug delivery. But biological activity of
HOEC/bentonite composites is poorly understood, although it
is important for medical applications.
This study was aimed at producing polymer materials based
on hydroxyethyl cellulose and bentonite, and the examination
of structure, optical, and mechanical properties. Also, we have
studied antimicrobial action of HOEC/bentonite composites




(Klucel, US) with a molecular weight of 250,000 was used as a
polymer matrix. Bentonite (Si7.94Al0.06)(Al2.88Fe0.5Mg0.62)O20
(OH)4Na0.68 (Sigma Aldrich, US) was used as a ﬁlling agent.
2.2. Laser diffraction
The size of bentonite particles was determined by a laser gran-
ulometer (Fritsch Analysette 22 Compact, Germany) in the
0.3–300 nm range.Please cite this article in press as: Alekseeva, O.V. et al., Eﬀect of the bentonite ﬁller
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determination
To estimate the morphological properties of bentonite the
method of low-temperature nitrogen adsorption–desorption
was used. Before the adsorption measurements, the samples
were degassed for 7 h at 90 C. Isotherms have been recorded
at 77 K by the QuantaChrome Nova 1200 surface area ana-
lyzer (US). Analysis of isotherms has been carried out using
Brunauer–Emmett–Teller (BET), Barrett–Joyner–Halenda
(BJH), and Frenkel–Halsey–Hill (FHH) models.
2.4. Fabrication of the HOEC/bentonite composite ﬁlms
The 2% aqueous HOEC solutions and HOEC/bentonite solu-
tions were prepared gravimetrically followed by stirring on a
magnetic stirrer at a rate of 180 rpm for 72 h until a homoge-
neous gel was obtained. Aluminosilicate concentration was
varied from 0.5 to 5 wt.%. The ﬁlms were prepared by casting
the polymer solutions onto a Teﬂon substrate followed by
keeping at 293 K for 7 days to remove the solvent. The ﬁlms
thickness was equal to 30 lm (approximately).
2.5. X-ray diffraction
The structures of both HOEC ﬁlms and HOEC/bentonite
composite ﬁlms were evaluated with X-ray diffraction mea-
surements on the base of Debay–Sherrer scheme within
2–34 (2h) angles range. XRD patterns of ﬁlm samples were
obtained by X-ray diffractometer DRON-UM1 (Russia)
equipped with Cu Ra radiation, k= 0.154 nm. X-ray diffrac-
tometer was modernized for substances in condensed and poly-
crystalline state. A scan rate of 1 /min was used.
The size of a bentonite stack, L, was determined by the
Sherrer method (Guinier, 2001) using the value of the full
width at half maximum, b. Interlayer distance, d, was calcu-
lated by Bragg’s law.
2.6. Mechanical tests
Tensile properties of the prepared ﬁlms were measured under
the conditions of uniaxial extension using the UTS 10 univer-
sal testing machine (UTStestsysteme, Germany). Films were
cut into strips of width 10 mm and length 50 mm and then
ﬁxed between upper and lower platen of the tensile tester.
Tests were conducted at the strain rate of 2 mm/min. We have
determined the tensile strength, r, and breaking elongation, e.
No less than ﬁve specimens were taken for each sample to
obtain an average value.
2.7. IR spectroscopy
For infrared (IR) spectroscopy of clay, the samples were pre-
pared by dispersing clay sample into KBr and pressing to pel-
lets. IR spectra of bentonite (in forms of such pellets), as well
as HOEC ﬁlm, and HOEC/bentonite composite ﬁlms were
recorded on an Avatar 360 FT-IR ESR spectrometer with
Fourier transform (Termo Nicolet, US) via frustrated total
internal reﬂection in the wave number range of 4000–
500 cm1.on structure and properties of composites based on hydroxyethyl cellulose. Ara-
Figure 1 Proﬁle and bar chart of particle-size distribution
obtained by Analyzette 22 Compact laser microanalyzer for the
bentonite powder.
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The HOEC ﬁlms and HOEC/bentonite composite ﬁlms were
screened for their antimicrobial activity by plating a bacterial
lawn in Petri dishes. Antibacterial activity was tested against
gram-positive bacterium Staphylococcus aureus Rosenbach
209-P and gram-negative bacterium Escherichia coli 1257,
and fungistatic activity was researched against fungi associa-
tion consisting of Aspergillus niger F-2481, Cladosporium gos-
sipicola Pidopl F-1902, and Cladosporium resinae Albida
F-2034. Bacterial and fungal cultures were purchased from
All-russian collection of microorganisms – VKM (Moscow,
Russia).
Studies on antimicrobial effect for HOEC ﬁlms and
HOEC/bentonite composite ﬁlms were performed by two
methods. The ﬁrst method (agar diffusion test) was used with
reference to St. aureus and E. coli strains. It was as follows. We
have inoculated aqueous suspension bacterial spores into the
nutrient medium melted and cooled down to 45–50 C.
Concentrations of bacterial spores were equal to
2 Æ 106 CFU/ml. Plain agar was used as a nutrient medium
for bacteria. A bacterial mixture was prepared using a turbid-
ity standard. The mixture was then thoroughly blended and
poured into Petri dishes that were placed on a strictly horizon-
tal surface. After whole congelation we put the test ﬁlm spec-
imens on the surface of congealed mixture, and placed Petri
dishes into a desiccator, the bottom of which is poured with
distilled water. Then we placed the desiccator into the ther-
mostat at a temperature of 30 ± 2 C for 24 h. By the end of
test we took the samples and assessed stability against bacteria.
Visual ﬁeld illuminance was equal to 200–300 lux. If there is a
lysis zone (zone in which there is no microbial growth) around
the sample means that the sample possesses antimicrobial
activity. The size of the lysis zone, R, deﬁnes the toxicity degree
of the material against microorganisms. If R< 5 mm, then the
sample’s antimicrobial activity is weak. If R= 5–10 mm, then
the sample’s antimicrobial activity is acceptable. If
R> 10 mm, then the sample possesses strong antimicrobial
activity.
The second method (qualitative) was used with reference to
fungi association. We have placed the test ﬁlm sample on the
sterile Petri dish bottom, and applied a fungus suspension onto
it. Then we have put Petri dish into a desiccator, the bottom of
which is poured with distilled water, and put the desiccator
into the thermostat at a temperature of 30 ± 2 C. Duration
of tests was 28 days. Every 7 days we have opened the cover
of the desiccator for the air intake and conducted a prelimi-
nary examination of the samples. By the end of test we took
the samples and assessed stability against fungi. Visual ﬁeld
illuminance was equal to 200–300 lux.
3. Results and discussion
3.1. Granulometric analysis of bentonite
The laser diffraction results for the bentonite powder are
shown in Fig. 1. As can be seen, bentonite predominantly con-
tains particles less than 14 lm in diameter. Size distribution is
mono-modal with maximum near 5.6 lm. An average diame-
ter of particles is equal to 3.2 lm. From the cumulative distri-
butions, the diameters corresponding to 10%, 50%, and 90%Please cite this article in press as: Alekseeva, O.V. et al., Eﬀect of the bentonite ﬁller
bian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.07.011of particles population were determined. They were equal to
1.5 lm, 4.0 lm, and 7.9 lm, respectively.
3.2. Morphological analysis of bentonite surface
In order to determine the structural and adsorption parame-
ters of bentonite, nitrogen adsorption/desorption isotherms
at 77 K were recorded. Fig. 2 shows the nitrogen adsorp-
tion/desorption isotherm for bentonite belongs to type IV
according to the IUPAC classiﬁcation (Sing et al., 1985).
This type of isotherm is typical of solid bodies with mesopores.
In the initial portion of the isotherm, adsorption is limited only
by the formation of a thin layer on pore walls. Relative pres-
sure P/P0 = 0.45 is the base of the hysteresis loop and corre-
sponds to the beginning of capillary condensation in the
thinnest pores. An abrupt rise in the sorption curve was
observed in the isotherm at P/P0 close to 1 (Fig. 2), which is
indicative of the presence of large pores in the sample.
The speciﬁc surface area, SBET, was determined from iso-
therms using the Brunauer–Emmett–Teller equation (Sing,
1998). Value of SBET was found equal to 58.02 m
2/g. The total
pore volume, V, was deﬁned as the volume of liquid nitrogen
corresponding to the amount adsorbed at a relative pressure
of P/P0 = 0.98, and the average pore diameter, Dp, was calcu-




Values of V and Dp were found equal to 0.1012 cm
3/g and
6.98 nm, respectively.
Fig. 3 shows the pore size distribution curve obtained using
the BJH model. We can see that 65% of the total pore volumeon structure and properties of composites based on hydroxyethyl cellulose. Ara-
Figure 2 Isotherms of low-temperature nitrogen adsorption–
desorption on bentonite.
4 O.V. Alekseeva et al.is pores with a diameter smaller than 27 nm. This provides evi-
dence for framework mesoporosity of silica.
To quantitatively evaluate the heterogeneities of silica sur-
face we have applied the fractal FHH model (Panella and
Krim, 1994). Namely, we have utilized data of low-
temperature nitrogen adsorption/desorption to determine the
surface fractal dimension of porous material. Panella and
Krim (1994) used two fractal dimension values. First value,
dn, is calculated neglecting adsorbate surface tension effects.
Second value, da, is calculated accounting for adsorbate sur-
face tension effects. For purchased bentonite we found
dn = 2.27 and da = 2.76. These values provide evidence that
researched powder possesses the surface extended. So, in
accordance with the data of low-temperature nitrogen adsorp-
tion/desorption, the bentonite sample under study can be
attributed to mesoporous bodies that are characterized by
low contribution of micropores.
3.3. Structure research of the HOEC/bentonite composites
X-ray diffraction analysis allows one to obtain information on
structural changes occurring in the material as polymerFigure 3 BJH pore size distribution for bentonite.
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of particles consisting of a stack of aluminosilicate planes
(Vaganov et al., 2011).
Fig. 4 shows the X-ray diffraction patterns of bentonite
clay, pure HOEC, and HOEC ﬁlm doped with bentonite.
The XRD pattern of bentonite (curve 1) contains a well-
pronounced reﬂection at 2h= 7, which conforms to Bragg’s
period of arrangement of heterogeneous regions and corre-
sponds to a distance between aluminosilicate basal surfaces
of 1.26 nm. This characteristic peak is assigned to the (001)
plane in a good agreement with a reference pattern for mont-
morillonite (JCPDS card No. 13-0135). Pure HOEC ﬁlm
shows the presence of the broad diffraction peaks centered at
2h= 9–10 and 20 (curve 2), which are typical for the semi-
crystalline structure of this polymer (Bochek et al., 2012;
Luo et al., 2008). The absence of HOEC reﬂection at angles
smaller than 8 allows one to detect structural changes of ben-
tonite in the composite ﬁlm. It can be seen in Fig. 4 that for all
the studied composite ﬁlms, aluminosilicate reﬂection is shifted
toward angles 2h  5.
It should be noted that the intensity of these reﬂections
increases as the ﬁlling agent content rises to 10 wt.%. It means
that some aluminosilicate introduced in the polymer ﬁlm is
intercalated. It results from Table 1 that for HOEC/bentonite
composites, the interlayer distance, d, in bentonite calculated
by Bragg’s law increases from 1.26 to 1.79 nm because the poly-
mer molecules are intercalated in clay cavities. Comparing the
values of d and L given in Table 1, it can be concluded that
in the original bentonite, a stack consists of four aluminosili-
cate planes. For the HOEC/bentonite composites containing
up to 5 wt.% of ﬁller, the packet size, L, is larger than in the
original ﬁller, and the number of planes per stack is equal to
5–8. But this conclusion is incorrect for ﬁlms with 10 wt.% of
bentonite. Apparently, this is due to the heterogeneity of such
composites.
3.4. Tensile strength of the composite ﬁlms
We have found that insertion of bentonite (up to 3 wt.%) into
the polymeric matrix resulted in growth in tensile strength
(from 127 to 150 MPa) and breaking elongation (from 6.5%Figure 4 X-ray diffraction patterns for bentonite (1) and
HOEC/bentonite composite ﬁlms with different concentrations
of ﬁller (wt.%): 0 (2); 0.5 (3); 1 (4); 5 (5); 10 (6).
on structure and properties of composites based on hydroxyethyl cellulose. Ara-




2h () b () d (nm) L (nm)
100 7.02 1.45 1.26 5.73
0.5 5.16 0.75 1.71 11.15
1 5.02 0.62 1.75 13.42
3 4.93 1.03 1.79 8.06
5 5.07 1.05 1.75 7.9
10 5.09 1.60 1.73 5.2
Figure 5 FTIR spectra for the samples of bentonite (1), HOEC
ﬁlm (2), and HOEC/bentonite (5 wt.% of ﬁller) composite ﬁlms
(3).
Effect of the bentonite ﬁller on structure and properties of composites 5to 8.5%) (Table 2). Further increase in the ﬁller concentration
(>5 wt.%) reduced the listed parameters, possibly due to
aggregation of the aluminosilicate particles. It should be noted
that reduction in value of due to insertion of montmorillonite
(main component of bentonite) was reported by Gofman et al.
(2007) for the polyimide matrix. The authors emphasized that
decrease in the deformability of ﬁlms on insertion of nanopar-
ticles into the polymer is an important trend, because it deter-
mines the ﬁller limiting concentration above which material
becomes unusable.
3.5. FTIR analysis
Data regarding the nature of interaction between hydroxyethyl
cellulose and bentonite can be obtained by analyzing the IR
spectra of the bentonite, HOEC, and the composite ﬁlms
(Fig. 5). In the IR spectrum of bentonite (Fig. 5, spectrum
1), the bands in the range of 3600–3200 cm1 are superposition
of vibrations of SiAOH groups of silica and OH groups of
adsorbed water. Stretching modes in the range of 3300–
3500 cm1 correspond to adsorbed water; 3540 cm1 corre-
sponds to silanol groups linked to molecular water through
hydrogen bonds (Ponce-Castan˜eda et al., 2003; Costa et al.,
1997). The band at 1650 cm1 belongs to the deformation
vibrations of the adsorbed H2O molecules. The intense broad-
band with the maximum at 1041 cm1 corresponds to the
SiAOASi valence vibrations of the SiO4 tetrahedra in the sili-
con–oxygen framework; the narrow band at 802 cm1 corre-
sponds to deformation vibrations of silanol groups
(Khashirova et al., 2009; Parida et al., 2006).
The IR spectrum of the pure HOEC ﬁlm (Fig. 5, spectrum
2) contains bands of the valence vibrations of the OAH groups
within the hydrogen bonds (at 3600–3000 cm1) and CH2 and
CH groups (at 3000–2800 cm1). The broadband at
1550–1200 cm1 (maximum at 1358 cm1) contains the
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a broadband at 1200–950 cm1. The absorption band at
1647 cm1 corresponds to water of crystallization. The weak
band at 1750 cm1 attests to the small amount of carbonyl
C‚O groups in a polymer molecule (Bikales and Segal, 1971).
The IR spectrum of the composite (Fig. 5, spectrum 3)
shows the signiﬁcant differences in contrast to the spectrum
of HOEC. These differences are in the broadening of the bands
at 3600–3000 cm1 and 1550–1200 cm1, the disappearance of
the C‚O band at 1750 cm1, and the change of the band con-
tour at 3000–2700 cm1. Also, in the spectrum of the compos-
ite, absorption bands at 1647 cm1 and 1358 cm1 are shifted
by 2 cm1 toward the low frequency region. Apparently, col-
lection of these changes in the spectrum of the modiﬁed
HOEC is due to the formation of hydrogen bonds between
the oxygen-containing groups of the polymer and SiAOH
active functional centers of the clay basal planes.
3.6. Antimicrobial activity of ﬁlms
Antimicrobial activity of both HOEC ﬁlms and
HOEC/bentonite composite ﬁlms is demonstrated in Fig. 6
and Tables 3 and 4. It can be seen in Fig. 6, there is a distinct
zone of lysis around the samples of HOEC/bentonite compos-
ite ﬁlm. Size of the lysis zone, which deﬁnes the inactivation
degree of bacteria, has been represented in Table 3. The test
results have been given as mean values ± standard deviations.
From the data we can conclude that hydroxyethyl cellulose
becomes bacteriostatic polymer material because of ﬁlling with
bentonite. The results indicate that the antimicrobial activity
of the composite ﬁlm is dependent on its composition: the
higher the concentration of clay, the greater the size of the lysis
zone. The antimicrobial activity against both E. coli and Staph.
aureus is strong for HOEC/bentonite containing more than
1 wt.% of ﬁller because of R> 10 mm. But for the pure
HOEC ﬁlm, there is no zone of lysis.
To evaluate biostability of the prepared polymer materials
against fungi association the other method (qualitative) was
used. The data presented in Table 4 have indicated that growth
of microorganisms was not detected on the surface of all ﬁlms.on structure and properties of composites based on hydroxyethyl cellulose. Ara-
Figure 6 Photograph showing the lysis zone for Staphylococcus
aureus Rosenbach. Film samples: 1 – HOEC; 2 – HOEC/bentonite
composite with 0.5 wt.% of ﬁller.










0.5 8 ± 1 7 ± 2
1 11 ± 1 11 ± 1
5 15 ± 1 13 ± 2
Table 4 Biostability of the HOEC/bentonite composite ﬁlms
against fungi.





– Growth of microorganisms was not detected.
6 O.V. Alekseeva et al.That is, both HOEC ﬁlms and HOEC/bentonite composite
ﬁlms have fungal resistance.
Thus, from the biological activity tests of prepared materi-
als based on hydroxyethyl cellulose, we found that the
HOEC/bentonite composite ﬁlms manifest bacteriostatic and
fungistatic activity. It is likely that one of the reasons of
microorganism inactivation is the MMT can adsorb patho-
genic bacteria, and this will provide a beneﬁcial physical bar-
rier against them (Mishra et al., 2014). It should be noted
that dynamics of the microorganism inactivation persists dur-
ing a month.
4. Conclusions
In this work, bentonite particles were incorporated into HOEC
matrix, and HOEC/bentonite composite ﬁlms were fabricated.Please cite this article in press as: Alekseeva, O.V. et al., Eﬀect of the bentonite ﬁller
bian Journal of Chemistry (2015), http://dx.doi.org/10.1016/j.arabjc.2015.07.011Based on the experimental and calculating results, the follow-
ing conclusions are reached:
1. Bentonite predominantly contains particles less than 14 lm
in diameter. Size distribution is mono-modal with maxi-
mum near 5.6 lm.
2. Bentonite belongs to solid bodies with mesopores: the
speciﬁc surface area is equal to 58.02 m2/g; the total pore
volume is equal to 0.1012 cm3/g; the average pore diameter
is equal to 6.98 nm.
3. Incorporation of bentonite particles into polymer results to
the fact that the interlayer distance in clay increases from
1.26 to 1.71–1.79 nm.
4. Incorporation of bentonite into the polymer results in
growth in tensile strength (by 20%) and breaking elonga-
tion (by 30%).
5. In HOEC/bentonite composite, hydrogen bonds between
the oxygen-containing groups of the polymer and SiAOH
active functional centers of the clay basal planes are
formed.
6. HOEC/bentonite composite ﬁlms show an antimicrobial
effect against E. coli and Staph. aureus bacteria, as well as
against fungi association.Acknowledgment
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